Pressure-induced transformations in the atomic and electronic structure of amorphous germanium (a-Ge) have been investigated by using x-ray absorption spectroscopy ͑XAS͒ combined with energy-scanning x-ray diffraction. Our data show that an abrupt change in the local structure and in the electron states near the Fermi level occurs in evaporated a-Ge at a pressure of about 8 GPa. The transformation is clearly detectable by a change in the shape and energy shift in the near-edge structures and by an increase of the average first-neighbor distance measured by XAS. The occurrence of this polyamorphic transition is discussed in light of the recent advances in the study of multiple dense fluid phases. Recent studies have revealed a complex behavior in a number of disordered systems that point to the occurrence of multiple dense fluid phases, distinguished by changes in thermodynamic quantities and by their microscopic structure, for the same chemical composition.
Recent studies have revealed a complex behavior in a number of disordered systems that point to the occurrence of multiple dense fluid phases, distinguished by changes in thermodynamic quantities and by their microscopic structure, for the same chemical composition. [1] [2] [3] [4] These results have obvious important implications for the development of liquid and glass science. In particular, the possibility of producing different glassy structures for a given substance 4 -6 can have remarkable consequences both in basic and applied science, in view of the almost ubiquitous presence of glasses in nature and technology.
However, the study of polymorphic transitions in disordered matter usually requires the exploration of a wide temperature and pressure range in order to observe detectable variations in physical quantities associated with a liquid or glassy system. The transition is usually characterized by changes in energy, entropy and density much smaller than those for the usual liquid-gas transition, as two fluid phases of similar density are involved. The coexistence line could lie well below the crystal-liquid transition, thus the existence of distinct fluid phases can be obscured by crystal nucleation but could be revealed in the undercooled liquid or by changes of the amorphous solid ͑polyamorphism͒.
Natural candidates for possible observation of fluid-fluid phase transitions include all covalent disordered systems which can be forced to increase both density and local atomic coordination by applying an external pressure. A broad range of simple substances belongs to this class of systems, and in particular water, Si, Ge, C and their oxides form liquid and glass materials where the local tetrahedral coordination plays a prominent role. Evidence for polyamorphism in water has been obtained from computer simulations and thermodynamic data. 5 There are also reliable experimental data pointing to the presence of multiple disordered phases in the so-called ''strong'' glass-formers SiO 2 and GeO 2 . 7, 8 Recent works using x-ray diffraction ͑XRD͒ at high pressure have shown that liquid phases with different local structures can be obtained by application of pressure for systems with tetrahedral coordination characterized by complex solid phase diagrams. 9, 10 The present work is aimed to shed new light on the polyamorphic nature of the simplest glassy system with local tetrahedral structure: amorphous germanium (a-Ge). To achieve this aim, we have used the x-ray absorption spectroscopy ͑XAS͒ whose exceptional sensitivity to the local structure makes us able to detect and study in detail tiny structural transformations. Germanium, and silicon of course, can be considered archetypal systems for understanding the relationship between polymorphism and interactions at the atomic scale. There is a competition of bonding mechanisms reflected naturally in the phase diagram of those systems, which are simple low-density tetrahedral semiconductors at ambient pressure and temperature but are metallic and denser at high temperature in the liquid state or under high pressure conditions in the crystalline state ͑see for example, Ref. 11 and references therein͒. Germanium can be easily undercooled up to 250 K below the melting point, but the system crystallizes ''catastrophically'' 12 and tetrahedral a-Ge can only be produced by different routes ͑evaporation on a cold substrate for example͒. A two-phase liquid model has been proposed 6, 13 to understand this behavior and the observation of metalization of thin a-Ge films 14, 15 under hydrostatic pressure above 6 GPa. On the other hand, no modifications of the structure of a-Ge were observed for pressures below 10 GPa using XAS, 16, 17 probably for the limited resolution of the experiments and for limitations in the data-analysis techniques. More recently, x-ray diffraction and Raman experiments showed evidence of a transition from a low density to a high density disordered phase in amorphous Si. 18 Theoretical calculations have indicated that a-Si and a-Ge undergo transitions to denser structures although transition pressures differ from those observed experimentally. 19, 20 In this work, we present a-Ge XAS measurements performed at the ESRF, using the advanced setup available at the BM29 beamline 21, 22 which allows the simultaneous collection of low-noise and high resolution XAS data and energy-scanning XRD patterns used to monitor pressure and crystallization of the sample. Samples of a-Ge have been prepared by evaporation of high-purity Ge under high vacuum conditions (10 Ϫ5 mbar) onto Kapton films. The absence of Bragg peaks associated with Ge crystalline phases was confirmed by the powerful seven-channel collimator system available at BM29. 22 Absence of sample oxidation was also confirmed by near-edge XAS spectra. The a-Ge sample used for combined XAS and XRD measurements under pressure was placed in a 2 mm graphite hollow cylinder along with a mixture of compacted BN and LiF powders used as pressure markers, and inserted in a 7 mm boronepoxy gasket conceived for the ''Paris-Edinburgh'' largevolume press. 22, 23 High quality a-Ge XAS spectra ͑Ge K edge͒ and related diffraction patterns have been collected up to 8.3 GPa at room temperature. The highest pressure was reached with an external oil pressure of about 1200 bars and a minimal gap of 0.15 mm between the WC anvils for the collection of the x-ray measurements. The experimental XAS data have been analyzed using state-of-the-art data-analysis techniques ͑GNXAS package 24, 25 ͒. Raw XAS data of a-Ge measured cycling the external pressure are presented in Fig. 1 . An irreversible change of the shape of the spectrum is clearly revealed by the measured XAS spectra reported in the upper panel of Fig. 1 . The modification is obtained at a pressure P c ϳ8 GPa and no germanium Bragg peaks are detected throughout the entire set of measurements. A clear shift of the absorption edge toward lower energies is observed in a-Ge at high pressures. The position of the absorption edge has been measured with an accuracy better than 0.1 eV using a c-Ge reference sample ͑see Fig. 1 of Ref. 21͒ measured simultaneously with a third ionization chamber. The energy shift, similarly to the case of metallic liquid Ge, 12, 26 is associated with the presence of electron states inside the gap. In liquid Ge this is clearly due to the metalization, while in the present case this could be associated with an increased structural disorder corresponding to the creation of both localized and delocalized states inside the gap. The energy shift from the position of the edge measured in crystalline germanium (c-Ge I, diamond structure͒ is about 0.5 eV for modified a-Ge after the pressure RAPID COMMUNICATIONS cycle (a-Ge II in Fig. 1͒ , much greater than that observed for the ''as-deposited'' a-Ge one ͑about 0.2 eV͒.
In Fig. 2 we report the a-Ge XAS structural signal k(k), obtained by suitable normalization of the original data, for increasing pressure. High-quality experimental data at high pressure are shown with superimposed best-fit XAS simulations ͑dashed lines͒. The a-Ge k(k) signal is a regular oscillation as a function of the photoelectron wave-vector k ϭͱ2m(EϪE e )/ប (E e being the threshold energy͒ and it is associated practically only with the first-neighbor Ge-Ge distance distribution, as shown by the leading Fourier transform ͑FT͒ peak located just above 2 Å ͑see upper panel of Fig. 2͒ . The gradual shortening of the first-neighbor average distance, and its sudden expansion above P c ϳ8 GPa is revealed by the changes of the k(k) leading frequency ͑ar-rows͒ and is clearly visible in the Fourier transform. While the shortening of the distance is a natural consequence of the application of the external pressure, the sudden expansion reveals that a different modification of the local structure takes place at about 8 GPa.
This transformation is irreversible, as shown in Fig. 3 , where the normalized x-ray absorption coefficient at constant energy (E a ϭ11 102.6 eV, see inset in Fig. 1͒ and the maximum height of the first FT peak are reported. A discontinuous change of more than 5% of the x-ray absorption is observed at P c , while the FT height changes by about 15% moving visibly to longer distances. The trend of the absorption at constant energy E a ͑upper panel of Fig. 3͒ , which depends on the energy shift of the absorption edge, reflects the increase of the band gap of a-Ge at high pressures observed by other authors ͑see Refs. 15 and 19 and references therein͒.
The transition between two different amorphous structures at P c is compatible with the results of a two-phase liquid model ͑shown in Fig. 3 , lower panel͒ for which a denser metallic phase is favored at high pressure. More recent calculations 19 pointing to the presence of an irreversible transition of a-Ge at about 12.5 GPa to a denser phase with a reduced optical gap are also in qualitative agreement with present results. The actual transition pressure can obviously depend on the sample preparation procedure and on the accuracy of the calculations but the existence of different amorphous phases with distinct structural and electronic properties is unambiguously assessed in the present experiment.
A detailed analysis of the XAS signals presented in Fig. 2 reveals important details of the structural change occurring at P c . XAS data collected during the pressure cycle were analyzed using a simple first-neighbor model within the GNXAS package ͑see Refs. 12, 24, and 25͒. The agreement between experimental data and simulations is excellent as shown in Fig. 2 . The first-neighbor distribution has been modeled as a ⌫-like function 12 which depends on a limited number of structural parameters: coordination number N, average dis- tance R, bond length variance 2 , and skewness ␤. The skewness ␤ was found practically negligible for the whole set of XAS data (␤ϳ0.2) so the final first-neighbor distributions can be considered Gaussian within the typical error limits. The average first-neighbor distance R is the most accurate structural quantity obtained by this XAS experiment ͑typical error is below 0.005 Å͒. The trend of R as a function of pressure is reported in Fig. 4 , upper panel. Different regimes can be identified for increasing pressures: ͑i͒ rapid shortening of the average distance for moderate pressures ( PϽ1 GPa); ͑ii͒ an intermediate region ( PϽ6 GPa) where the local structure is much less compressible; ͑iii͒ a ''plateau'' region ( PϽ8 GPa) where the average distance is practically constant; ͑iv͒ an increase of R of about 0.025 Å above the pressure P c ϳ8 GPa. The smooth compression of c-Ge I ͑diamond͒ is shown for comparison as a dotted line in Fig. 4 ͑see Ref. 11 and references therein͒. The trend of the average distance upon decompression is quite regular and the expansion is found to be similar to that of the metastable crystalline structure ST12 (P4 3 2 1 2 Ge III͒, a denser crystalline phase with local tetrahedral units ͑dotted curve refers to the ST12 structure at about 100°C 11 ͒ which can probably be considered the natural underlying crystal structure for the high-pressure amorphous polymorph. The average bond length at ambient pressure is found much longer than that of the initial a-Ge structure confirming the irreversibility of the process.
The trend of the bond length variance 2 is also particularly interesting. Looking at Fig. 4 , lower panel, we observe that the variance decreases drastically for increasing pressures ͑lower than 2 GPa͒, and then remains constant within the uncertainty below P c . The transition to the new amorphous structure is accompanied by a substantial increase of the variance ͑about 35%͒. The larger disorder of the structure is retained down to ambient pressure. At the transition, the best-fit effective coordination number is found to increase by about 12% (Nϳ4.5). As it is well known, there is a large numerical correlation between best-fit N and 2 obtained by XAS data, as they both affect the (k) amplitude. For this reason, the uncertainty on both parameters is quite large ͑about 10%͒. On the other hand, the density of a-Ge is known to increase as a function of pressure and therefore the increase of the bond length ͑and disorder͒ at the transition pressure is likely to be followed by an increase of the number of neighbors.
In conclusion, our data show that evaporated a-Ge transforms under high pressure to a new a-Ge form whose structural and electronic states properties are significantly different. This well-defined transition occurs at 8 GPa and is characterized by an increase of the average first-neighbor distance accompanied by a larger distance spread and increase of the average coordination number. The transition is found to be irreversible, and the new structure is found to show signatures of a metallic character in agreement with theoretical models based on the competition between covalent and metallic bonding. 
